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METHOD AND APPARATUS FOR
RATE-DEPENDENT MORPHOLOGY-BASED
CARDIAC ARRHYTHMIA CLASSIFICATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is related to co-pending, commonly
assigned U.S. patent application Ser. No. 11/038,996, entitled
“METHODS AND APPARATUSES FOR CARDIAC
ARRHYTHMIA CLASSIFICATION,” filed on Jan. 20,
2005, U.S. patent application Ser. No. 10/731,223, entitled
“DISCRIMINATION OF SUPRAVENTRICULAR
TACHYCARDIA AND VENTRICULAR TACHYCARDIA
EVENTS,” filed on Dec. 9, 2003, now U.S. Pat. No. 7,039,
463, U.S. patent application Ser. No. 10/291,200, entitled
“CARDIAC RHYTHM MANAGEMENT SYSTEMS AND
METHODS USING MULTIPLE MORPHOLOGY TEM-
PLATES FOR  DISCRIMINATING BETWEEN
RHYTHMS,” filed on Nov. 8, 2002, now U.S. Pat. No. 7,031,
764, U.S. patent application Ser. No. 10/014,933, entitled
“SYSTEM AND METHOD FOR ARRHYTHMIA DIS-
CRIMINATION,” filed on Oct. 22, 2001, now U.S. Pat. No.
6,959,212, and U.S. patent application Ser. No. 09/921,348,
entitled “METHOD AND SYSTEM FOR VERIFYING THE
INTEGRITY OF NORMAL SINUS RHYTHM TEM-
PLATES,” filed Aug. 2, 2001, now U.S. pat. No. 6,996,434,
which are hereby incorporated by reference in their entirety.

TECHNICAL FIELD

This document relates generally to cardiac rhythm man-
agement (CRM) systems and particularly, but not by way of
limitation, to such a system providing for rate-dependent
morphology-based classification of tachyarrhythmias.

BACKGROUND

The heart is the center of a person’s circulatory system. The
left portions of the heart, including the left atrium (LLA) and
left ventricle (LV), draw oxygenated blood from the lungs and
pump it to the organs of the body to provide the organs with
their metabolic needs for oxygen. The right portions of the
heart, including the right atrium (RA) and right ventricle
(RV), draw deoxygenated blood from the body organs and
pump it to the lungs where the blood gets oxygenated. These
mechanical pumping functions are accomplished by contrac-
tions of the heart. In a normal heart, the sinoatrial (SA) node,
the heart’s natural pacemaker, generates electrical impulses,
called action potentials, that propagate through an electrical
conduction system to various regions of the heart to cause the
muscular tissues of these regions to depolarize and contract.
The electrical conduction system includes, in the order by
which the electrical impulses travel in a normal heart, inter-
nodal pathways between the SA node and the atrioventricular
(AV) node, the AV node, the His bundle, and the Purkinje
system including the right bundle branch (RBB, which con-
ducts the electrical impulses to the RV) and the left bundle
branch (LBB, which conducts the electrical impulses to the
LV). More generally, the electrical impulses travel through an
AV conduction pathway to cause the atria, and then the ven-
tricles, to contract.

Tachyarrhythmia (also referred to as tachycardia) occurs
when the heart contracts at a rate higher than a normal heart
rate. Tachyarrhythmia generally includes ventricular tach-
yarrthythmia (VT) and supraventricular Otachyarrhythmia
(SVT). VT occurs, for example, when a pathological conduc-
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tion loop formed in the ventricles through which electrical
impulses travel circularly within the ventricles, or when a
pathologically formed electrical focus generates electrical
impulses from the ventricles. SVT includes physiologic sinus
tachyarrhythmia and pathologic SVTs. The physiologic sinus
tachyarrhythmia occurs when the SA node generates the elec-
trical impulses at a particularly high rate. A pathologic SVT
occurs, for example, when a pathologic conduction loop
forms in an atrium. Fibrillation occurs when the heart con-
tracts at a tachyarrhythmia rate with an irregular rhythm.
Ventricular fibrillation (VF), as a ventricular arrhythmia with
an irregular conduction, is a life threatening condition requir-
ing immediate medical treatment such as ventricular defibril-
lation. Atrial fibrillation (AF), as a SVT with an irregular
rhythm, though not directly life threatening, also needs medi-
cal treatment such as atrial defibrillation to restore a normal
cardiac function and to prevent the deterioration of the heart.

Implantable medical devices such as implantable cardio-
verter/defibrillators (ICDs) are used to treat tachyarrhyth-
mias, including fibrillation. To deliver an effective cardiover-
sion/defibrillation therapy, the cardioversion/defibrillation
energy is to be delivered to the chambers of the heart where
the tachyarrhythmia or fibrillation originates. When the atrial
rate of depolarizations (or contractions) is substantially dif-
ferent from the ventricular rate of depolarizations (or contrac-
tions), the atrial and ventricular rates of depolarizations (or
contractions) provide for a basis for locating where the tach-
yarrhythmia originates. However, there is a need to locate
where the tachyarrhythmia originates when the atrial depo-
larizations and the ventricular depolarizations present a one-
to-one (1:1) relationship.

SUMMARY

An implantable medical device includes atachyarrhythmia
detection and classification system that classifies tach-
yarrhythmias based on a morphological analysis of template
and arrhythmic waveforms. The morphological analysis
takes effect of heart rate on the morphological characteristics
of'the template and arrhythmic waveforms into consideration.
Correlation between morphological features of the template
waveform and corresponding morphological features of an
arrhythmic waveform provides for the basis for classifying
the tachyarrhythmia.

In one embodiment, a system for classifying cardiac
arrhythmias includes a template waveform input, an arrhyth-
mic waveform input, an arrhythmic heart rate input, a rate-
dependent feature locator, and a feature extracting module.
The template waveform input receives template data repre-
sentative of a template waveform. The template waveform is
associated with a template heart beat of a known cardiac
rhythm. The arrhythmic waveform input receives arrhythmic
data representative of an arrhythmic waveform. The arrhyth-
mic waveform is associated with an arrhythmic heart beat of
an arrhythmia episode. The arrhythmic heart rate input
receives an arrhythmic heart rate parameter that is represen-
tative of an arrhythmic heart rate. The arrhythmic heart rate is
a heart rate associated with the arrhythmic waveform. The
rate-dependent feature locator determines morphological
feature locations, including template feature locations and
arrhythmic feature locations, using at least the arrhythmic
heart rate parameter. The template feature locations are loca-
tions of a plurality of template morphological features on the
template waveform. The arrhythmic feature locations are
locations of a plurality of arrhythmic morphological features
on the arrhythmic waveform. The arrhythmic morphological
features each correspond to one of the template morphologi-
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cal features. The feature extracting module extracts the plu-
rality of template morphological features from the template
waveform at the template feature locations and the plurality
of corresponding arrhythmic morphological features from an
arrhythmic waveform at the arrhythmic feature locations.

In one embodiment, a method for extracting features in a
rate-dependent morphology-based cardiac arrhythmia classi-
fication is provided. In response to a detection of an arrhyth-
mia episode, a heart rate parameter representative of an
arrhythmic heart rate associated with the arrhythmic episode
is produced. Morphological feature locations are determined
using at least the heart rate parameter. The morphological
feature locations include template feature locations and
arrhythmic feature locations. The template feature locations
are locations of a plurality of template morphological features
on a template waveform associated with a template heart beat
of'a known cardiac rhythm. The arrhythmic feature locations
are locations of a plurality of corresponding arrhythmic mor-
phological features on an arrhythmic waveform associated
with an arrhythmic heart beat of the arrhythmia episode. The
plurality of template morphological features is extracted from
the template waveform at the template feature locations. The
plurality of corresponding arrhythmic morphological fea-
tures is extracted from the arrhythmic waveform at the
arrhythmic feature locations.

In one embodiment, a system for classifying cardiac
arrhythmias includes a template feature input, an arrhythmic
feature input, an arrhythmic heart rate input, a rate-dependent
weighting module, and a correlation coefficient calculator.
The template feature input receives a plurality of template
morphological features of a template waveform associated
with a template heart beat of a known cardiac rhythm. The
arrhythmic feature input receives a plurality of arrhythmic
morphological features of an arrhythmic waveform associ-
ated with an arrhythmic heart beat of an arrhythmia episode.
The arrhythmic morphological features each correspond to
one of the template morphological features. The arrhythmic
heart rate input receives an arrhythmic heart rate parameter
representative of an arrhythmic heart rate associated with the
arrhythmic waveform. The rate-dependent weighting module
produces weighted template morphological features and
weighted arrhythmic morphological features using at least
the plurality of template morphological features, the plurality
of arrhythmic morphological features, and the arrhythmic
heart rate parameter. The correlation coefficient calculator
calculates at least one correlation coefficient representative of
a correlation between the weighted arrhythmic morphologi-
cal features and the weighted template morphological fea-
tures.

In one embodiment, a method for rate-dependent cardiac
arrhythmia classification using weighted morphological fea-
tures of a cardiac signal is provided. A plurality of template
morphological features of a template waveform is received.
The template waveform is associated with a template heart
beat of a known cardiac thythm. A plurality of arrhythmic
morphological features of an arrhythmic waveform is
received. The arrhythmic waveform is associated with an
arrhythmic heart beat of an arrhythmia episode. The arrhyth-
mic morphological features each correspond to one of the
template morphological features. An arrhythmic heart rate
parameter representative of an arrhythmic heart rate associ-
ated with the arrhythmic waveform is also received. A plural-
ity of weighting factors is produced using at least the arrhyth-
mic heart rate parameter. Weighted template morphological
features and weighted arrhythmic morphological features are
produced by applying a weighting factor of the plurality of
weighting factors to each of the template morphological fea-
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tures and each of the arrhythmic morphological features. A
correlation between the weighted template morphological
features and the weighted arrhythmic morphological features
is analyzed. The arrhythmia episode is classified based on the
correlation.

This Summary is an overview of some of the teachings of
the present application and not intended to be an exclusive or
exhaustive treatment of the present subject matter. Further
details about the present subject matter are found in the
detailed description and appended claims. Other aspects of
the invention will be apparent to persons skilled in the art
upon reading and understanding the following detailed
description and viewing the drawings that form a part thereof,
each of which are not to be taken in a limiting sense. The
scope of the present invention is defined by the appended
claims and their legal equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings, which are not necessarily drawn to scale,
illustrate generally, by way of example, but not by way of
limitation, various embodiments discussed in the present
document.

FIG. 1 is an illustration of one embodiment of a CRM
system and portions of the environment in which CRM sys-
tem operates.

FIG. 2 is a block diagram illustrating an embodiment of a
tachyarrhythmia detection and classification system being
part of the CRM system.

FIG. 3 is a flow chart illustrating an embodiment of a
method for rate-dependent morphology-based 1:1 tach-
yarrhythmia discrimination.

FIG. 4 is a block diagram illustrating an embodiment of a
rate-dependent morphology-based 1:1 tachyarrhythmia dis-
crimination module being part of the tachyarrhythmia detec-
tion and classification system.

FIGS. 5A-D illustrate various embodiments of a method
for rate-dependent feature extraction for discrimination of 1:1
tachyarrhythmia.

FIG. 6 is a block diagram illustrating an embodiment of a
rate-dependent feature extractor being part of the rate-depen-
dent morphology-based 1:1 tachyarrhythmia discrimination
module.

FIG. 7 is a block diagram illustrating a specific embodi-
ment of the rate-dependent feature extractor of FIG. 6.

FIG. 8 is a flow chart illustrating an embodiment of a
method for rate-dependent feature extraction for discrimina-
tion of 1:1 tachyarrhythmia.

FIG. 9 is an illustration of an embodiment of a method for
rate-dependent correlation analysis for discrimination of 1:1
tachyarrhythmia.

FIG. 10 is a block diagram illustrating an embodiment of a
rate-dependent correlation analyzer being part of the rate-
dependent morphology-based 1:1 tachyarrhythmia discrimi-
nation module.

FIG. 11 is a block diagram illustrating a specific embodi-
ment of the rate-dependent correlation analyzer of FIG. 10.

FIG. 12 is a flow chart illustrating an embodiment of a
method for rate-dependent correlation analysis for discrimi-
nation of 1:1 tachyarrhythmia.

DETAILED DESCRIPTION

In the following detailed description, reference is made to
the accompanying drawings which form a part hereof, and in
which is shown by way of illustration specific embodiments
in which the invention may be practiced. These embodiments
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are described in sufficient detail to enable those skilled in the
art to practice the invention, and it is to be understood that the
embodiments may be combined, or that other embodiments
may be utilized and that structural, logical and electrical
changes may be made without departing from the spirit and
scope of the present invention. References to “an”, “one”, or
“various” embodiments in this disclosure are not necessarily
to the same embodiment, and such references contemplate
more than one embodiment. The following detailed descrip-
tion provides examples, and the scope of the present invention
is defined by the appended claims and their legal equivalents.

In this document, an “arrhythmic heart beat” includes a
heart beat sensed during a detected tachyarrhythmia episode.
An “arrhythmic waveform” includes a waveform (such as a
segment of an electrogram) associated with an arrhythmic
heart beat or any type of representation of that waveform.
“Arrhythmic morphological features” include morphological
features of an arrhythmic waveform or any type of represen-
tation of the morphological features of the arrhythmic wave-
form. In a specific example, each arrhythmic morphological
feature is represented by an amplitude of the arrhythmic
waveform measured at the location of that arrhythmic mor-
phological feature. A “template heart beat” represents a heart
beat associated with a known cardiac rhythm and used as a
“template” for a morphological analysis using morphological
features associated with the known rhythm. In one embodi-
ment, the template heart beat is produced from a plurality of
hearts beats sensed during the known rhythm, such as by
averaging. A “template waveform™ includes a waveform
associated with the template heart beat or any type of repre-
sentation of that waveform. “Template morphological fea-
tures” include morphological features of the template wave-
form or any type of representation of the morphological
features of the template waveform. In a specific example,
each template morphological feature is represented by an
amplitude of the template waveform measured at the location
of that template morphological feature.

The relationship between a heart rate and a cardiac interval
(also known as cardiac cycle length), as used in this docu-
ment, is the relationship between a frequency and its corre-
sponding period. If a heart rate is given in beats per minute
(bpm), its corresponding cardiac interval in milliseconds is
calculated by dividing 60,000 by the heart rate (where 60,000
is the number of milliseconds in a minute). Any process, such
as a comparison, using a heart rate is to be modified accord-
ingly when a cardiac interval is used instead. For example, if
a tachyarrhythmia is detected when the ventricular rate
exceeds a tachyarrhythmia threshold rate, an equivalent pro-
cess is to detect the tachyarrhythmia when the ventricular
interval falls below a tachyarrhythmia threshold interval. The
appended claims should be construed to cover such varia-
tions.

This document discusses, among other things, a CRM sys-
tem including a circuit for further classifying a detected car-
diac arrhythmia including, but not being limited to, a 1:1
tachyarrhythmia. The 1:1 tachyarrhythmia, characterized by
an approximately one-to-one association between atrial and
ventricular depolarizations, is indicated by substantially
equal atrial and ventricular rates. The 1:1 tachyarrhythmia is
further classified based on a morphological analysis of tem-
plate and arrhythmic waveforms each being a segment of a
cardiac signal such as an electrogram. The present subject
provides for a rate-dependent morphological analysis which
takes the effect of heart rate in the morphology of the template
and arrhythmic waveforms into consideration. The morpho-
logical analysis analyzes the correlation between morpho-
logical features extracted from the template and arrhythmic
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waveforms. The 1:1 tachyarrhythmia is classified based on
the correlation. In one embodiment, the morphological analy-
sis includes a rate-dependent feature extraction, in which the
morphological features are extracted from the template and
arrhythmic waveforms at locations on these waveforms deter-
mined by at least the heart rate associated with the arrhythmic
waveform. In another embodiment, the relative weight of
each morphological feature used in the correlation analysis is
afunction of at least the heart rate associated with the arrhyth-
mic waveform. It is to be understood that while the classifi-
cation of the 1:1 tachyarrhythmia is specifically discussed
throughout this document as examples, the methods and
apparatuses of the present subject matter are also applicable
in morphology-based classification of cardiac arrhythmias
other than the 1:1 tachyarrhythmia.

FIG. 1 is an illustration of one embodiment of a CRM
system 100 and portions of the environment in which CRM
system 100 operates. CRM system 100 includes an implant-
able medical device 101 that is electrically coupled to a heart
199 through leads 105 and 110. An external system 102
communicates with implantable medical device 101 via a
telemetry link 103. In one embodiment, implantable medical
device 101 is an ICD. In a specific embodiment, implantable
medical device 101 is an ICD that has pacing capabilities. In
various embodiments, implantable medical device 101
includes a cardioversion/defibrillation circuit and one or
more additional therapeutic and/or monitoring circuits and/or
devices. Examples of such therapeutic and/or monitoring cir-
cuits and/or devices include a pacing circuit, a neural stimu-
lation circuit, a drug delivery device, a drug delivery control-
ler, a biologic therapy delivery device, and a biologic therapy
controller.

Implantable medical device 101 includes a hermetically
sealed can housing an electronic circuit that senses physi-
ological signals and delivers therapeutic electrical pulses.
The hermetically sealed can also functions as an electrode for
sensing and/or pulse delivery purposes. In one embodiment,
as illustrated in FIG. 1, the electronic circuit senses at least an
atrial electrogram and a ventricular electrogram from heart
199 and delivers pacing and cardioversion/defibrillation
pulses to heart 199. Lead 105 is a pacing lead that includes a
proximal end 106 connected to implantable medical device
101 and a distal end 107 disposed in the right atrium (RA) of
heart 199. A pacing-sensing electrode 108 is located at distal
end 107. Another pacing-sensing electrode 109 is located
near distal end 107. Electrodes 108 and 109 are electronically
connected to implantable medical device 101 via separate
conductors in lead 105 to allow sensing of the atrial electro-
gram and/or delivery of atrial pacing pulses. Lead 110 is a
defibrillation lead that includes a proximal end 111 connected
to implantable medical device 101 and a distal end 112 dis-
posed in the right ventricle (RV) of heart 199. A pacing-
sensing electrode 113 is located at distal end 112. A defibril-
lation electrode 114 is located near distal end 112 but
electrically separated from pacing-sensing electrode 113.
Another defibrillation electrode 115 is located at a distance
from distal end 112 for supraventricular placement. Elec-
trodes 113, 114, and 115 are electrically connected to
implantable medical device 101 via separate conductors in
lead 110. Electrode 113 allows sensing of the ventricular
electrogram and/or delivery of ventricular pacing pulses.
Electrodes 114 and 115 allow delivery of ventricular cardio-
version/defibrillation pulses. In various embodiments, sys-
tem 101 includes one or more leads each including one or
more electrodes, depending on the requirements of the
intended therapy.
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Implantable medical device 101 includes a rate-dependent
morphology-based tachyarrhythmia detection and classifica-
tion system 120 that includes a rate-dependent morphology-
based 1:1 tachyarrhythmia discrimination module. An
embodiment of a circuit of system 120 is discussed below
with reference to FIG. 2. System 120 detects and classifies 1:1
tachyarrthythmias by using a rate-dependent morphology-
based 1:1 tachyarrhythmia discrimination method introduced
below with reference to FIG. 3. Depending on the outcome of
the tachyarrhythmia detection and classification, system 120
determines whether to deliver a pacing and/or cardioversion/
defibrillation therapy. In one embodiment, system 120 deliv-
ers a ventricular defibrillation pulse when a 1:1 tachyarrhyth-
mia is classified as a V'T.

External system 102 allows for programming of implant-
able medical device 101 and receives signals acquired by
implantable medical device 101. In one embodiment, external
system 102 includes a programmer. In another embodiment,
external system 102 is a patient management system includ-
ing an external device in proximity of implantable medical
device 101, a remote device in a relatively distant location,
and a telecommunication network linking the external device
and the remote device. The patient management system
allows access to implantable medical device 101 from a
remote location, such as for monitoring patient status and
adjusting therapies. In one embodiment, telemetry link 103 is
an inductive telemetry link. In an alternative embodiment,
telemetry link 103 is a far-field radio-frequency telemetry
link. Telemetry link 103 provides for data transmission from
implantable medical device 101 to external system 102. This
may include, for example, transmitting real-time physiologi-
cal data acquired by implantable medical device 101, extract-
ing physiological data acquired by and stored in implantable
medical device 101, extracting therapy history data stored in
implantable medical device 101, and extracting data indicat-
ing an operational status of implantable medical device 101
(e.g., battery status and lead impedance). Telemetry link 103
also provides for data transmission from external system 102
to implantable medical device 101. This may include, for
example, programming implantable medical device 101 to
acquire physiological data, programming implantable medi-
cal device 101 to perform at least one self-diagnostic test
(such as for a device operational status), programming
implantable medical device 101 to run a signal analysis algo-
rithm (such as an algorithm implementing the morphology-
based 1:1 tachyarrhythmia discrimination method discussed
in this document), and programming implantable medical
device 101 to deliver pacing and/or cardioversion/defibrilla-
tion therapies.

FIG. 2 is a block diagram illustrating an embodiment of a
circuit of system 120. System 120 includes a sensing circuit
221, a rate detector 222, a tachyarrhythmia detector 223, a
rhythm classification module 224, and a rate-dependent mor-
phology-based 1:1 tachyarrhythmia discrimination module
225. Sensing circuit 221 is electrically coupled to heart 199 to
sense an atrial electrogram and a ventricular electrogram. The
atrial electrogram includes atrial events each indicative of an
atrial depolarization, also known as a P-wave. The ventricular
electrogram includes ventricular events each indicative of a
ventricular depolarization, also known an R-wave. Rate
detector 222 detects an atrial rate based on the atrial electro-
gram and a ventricular rate based on the ventricular electro-
gram. The atrial rate is the frequency of the atrial events. The
ventricular rate is the frequency of the ventricular events. In
one embodiment, the atrial and ventricular rates are each
expressed in beats per minute (bpm), i.e., number of detected
atrial or ventricular depolarizations per minute. Tach-
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yarrhythmia detector 223 detects a tachyarrhythmia based on
at least one of the atrial rate and the ventricular rate. In one
embodiment, the tachyarrhythmia is detected when the atrial
rate exceeds a predetermined tachyarrhythmia threshold rate.
In another embodiment, the tachyarrhythmia is detected
when the ventricular rate exceeds a predetermined tach-
yarrhythmia threshold rate. Rhythm classification module
224 classifies the detected tachyarrhythmia as a 1:1 tach-
yarrhythmia when the atrial rate and the ventricular rate are
substantially equal. In one embodiment, rhythm classification
module 224 classifies the detected tachyarrhythmia as the 1:1
tachyarrhythmia when the difference between the atrial rate
and the ventricular rate is between a predetermined limit,
such as 10 bpm. Rate-dependent morphology-based 1:1 tach-
yarrhythmia discrimination module 225 further classifies the
1:1 tachyarrhythmia, such as by its origin, by performing one
ormore methods for morphology-based tachyarrhythmia dis-
crimination discussed in this document.

FIG. 3 is a flow chart illustrating an embodiment of a
method 300 for morphology-based tachyarrhythmia dis-
crimination. In one embodiment, method 300 is performed by
rate dependent, morphology-based 1:1 tachyarrhythmia dis-
crimination module 225. After a detected arrhythmia is clas-
sified as a 1:1 tachyarrhythmia at 310, a process of discrimi-
nating the 1:1 tachyarrhythmia is started at 320.

Template morphological features and arrhythmic morpho-
logical features are collected at 330. The morphological fea-
tures are points in a cardiac signal that have morphological
characteristics allowing discrimination between two or more
types of 1:1 tachyarrhythmias. A plurality of template mor-
phological features is collected from a template waveform of
a template heart beat and represents that template waveform.
A plurality of arrhythmic morphological features is collected
from an arrhythmic waveform of an arrhythmic heart beat and
represents that arrhythmic waveform. In one embodiment, the
template heart beat represents a heart beat of a normal sinus
rhythm (NSR).

In one embodiment, static feature locations on the template
and arrhythmic waveforms are used for the feature collec-
tions. The feature locations are predetermined and remain
static (i.e., rate-independent) during the morphology-based
tachyarrhythmia discrimination. That is, locations of tem-
plate morphological features on a template waveform and
corresponding locations of arrhythmic morphological fea-
tures on the arrhythmic waveform are predetermined at the
time when the template morphological features are extracted
from the template waveform and stored. The collection of the
template morphological features includes recording timing
and other quantitative information, such as amplitudes, asso-
ciated with the features. In one specific embodiment, the
collection of the template morphological features is repeated
for aplurality of template heart beats, and the timing and other
quantitative information associated with the features are aver-
ages calculated over the plurality of template heart beats. For
discriminating the detected 1:1 tachyarrhythmia, arrhythmic
morphological features are extracted from the arrhythmic
waveform by temporal correspondence with the template
morphological features. In one embodiment, a template fidu-
cial point is located on the template waveform. The template
morphological features are located using the template fiducial
point and predetermined time intervals each between one of
the template morphological features and the template fiducial
point. An arrhythmic fiducial point is located on the arrhyth-
mic waveform. The arrhythmic fiducial point corresponds to
the template fiducial point. In a specific embodiment, the
template fiducial point is the peak of R wave on the template
waveform, and the arrhythmic fiducial point is the peak of R
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wave on the arrhythmic waveform. The arrhythmic morpho-
logical features are located using the arrhythmic fiducial
point and the predetermined time intervals each between one
of the arrhythmic morphological features and the arrhythmic
fiducial point. Then, the located arrhythmic morphological
features are extracted from the arrhythmic waveform. A plu-
rality template morphological features and a plurality of cor-
responding arrhythmic morphological features are thus col-
lected for the correlation analysis that follows.

In another embodiment, rate-dependent feature locations
on the template and arrhythmic waveforms are used for the
feature collections. The feature locations are dynamically
determined during the morphology-based tachyarrhythmia
discrimination, based on a heart rate associated with the tach-
yarrhythmia being discriminated. When the heart rate asso-
ciated with the arrhythmic waveform is substantially higher
than the heart rate associated with the template waveform, the
temporal correspondence between the template and arrhyth-
mic waveforms may not translate to morphological corre-
spondence. A possible consequence is an erroneous VT clas-
sification when the detected tachyarrhythmia is actually an
SVT induced by exercise. The rate-dependent feature loca-
tions are determined at the time when an arrhythmia episode
is detected and being classified. Locations of template mor-
phological features on the template waveform and corre-
sponding locations of arrhythmic morphological features on
the arrhythmic waveform are dynamically determined based
on the instantaneous heart rate associated with the arrhythmic
waveform. A template waveform is stored using a data reso-
Iution that is sufficiently high to allow feature extraction at
dynamically determined feature locations. When an arrhyth-
mia episode is detected, feature locations are each determined
as a function of at least the arrhythmic heart rate associated
with the arrhythmic waveform. Template morphological fea-
tures are extracted from the stored template waveform, and
arrhythmic morphological features are extracted from the
arrhythmic waveform, at these dynamically determined, rate-
dependent feature locations. This rate-dependent feature
extraction reduces or minimizes the effect of heart rate in the
morphological correspondence between the template mor-
phological features and the arrhythmic morphological fea-
tures. In an alternative embodiment, the heart rate associated
with the arrhythmic waveform is represented by a heart rate
zone. Each heart rate zone includes a predetermined range of
heart rates. This reduces the computation required to deter-
mine the feature locations and the resolution (number of
samples) required for the stored template waveform. This
dynamic, rate-dependent morphological feature extraction is
discussed in detail below, with reference to FIGS. 5-8.

Correlation between the arrhythmic morphological fea-
tures and the template morphological features is analyzed at
340. The correlation analysis results in one or more correla-
tion coefficients associated with each arrhythmic heart beat.
One example for calculating such a correlation coefficient,
referred to as a feature correlation coefficient (Fec), is dis-
cussed in U.S. Pat. No. 6,708,058, “NORMAL CARDIAC
RHYTHM TEMPLATE GENERATION SYSTEM AND
METHOD,” assigned to Cardiac Pacemakers, Inc., which is
hereby incorporated in its entirety.

In one embodiment, in which the template and arrhythmic
morphological features are extracted using the static feature
locations, the morphological features are weighted before the
one or more correlation coefficients are calculated. A weight-
ing factor being a function of the arrhythmic heart rate is
applied to each template morphological feature and corre-
sponding arrhythmic morphological feature. Such weighting
factors are predetermined to give relatively more weights to
the morphological features extracted from portions of the
waveform where the heart rate has relatively insubstantial
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effect on the morphology. This rate-dependent correlation
analysis is discussed in detail below, with reference to FIGS.
9-12.

The arrhythmic heart beat is classified based on the one or
more correlation coefficients at 350. In one embodiment, each
correlation coefficient is compared to one or more thresholds
defining detection windows each corresponding to one type
of 1:1 tachyarrhythmia. In another embodiment, a score is
produced based on the one or more correlation coefficients to
provide a measure of the probability that the 1:1 tachyarrhyth-
mia is of a known particular type. Examples of the known
particular types of 1:1 tachyarrhythmia include, but are not
limited to, supraventricular tachyarrhythmia (SVT), ven-
tricular tachyarrhythmia (VT), monomorphic VI (MVT),
and polymorphic VT (PVT).

The feature collection and correlation are repeated for a
predetermined number of arrhythmic heart beats. If the pre-
determined number has not been reached at 350, steps 330
through 340 are repeated for the next arrhythmic heart beat.

After the predetermined number has been reached at 360,
the 1:1 tachyarrhythmia is classified based on the classifica-
tion given to the analyzed arrhythmic heart beats at 370. In
one embodiment, the 1:1 tachyarrhythmia is classified by a
majority voting. That is, the 1:1 tachyarrhythmia is classified
as a tachyarrhythmia of a particular type if a majority of the
analyzed arrhythmic heart beats are classified as the tach-
yarrhythmia of that particular type. In one specific embodi-
ment, 80% (such as 8 out of 10 analyzed arrhythmic heart
beats) is considered as the majority. For example, to discrimi-
nate between VT and SVT using an NSR beat as the template
heart beat, if 8 out of 10 arrhythmic heart beats are classified
as VT beats, the tachyarrhythmia is classified as a VT rhythm.
Otherwise, it is classified as a SVT rhythm. In another specific
embodiment, 60% is considered as the majority. In another
embodiment, in which a score is produced to provide a mea-
sure of the likeliness that the 1:1 tachyarrhythmia is of a
known particular type, the scores produced for all the ana-
lyzed arrhythmic heart beats are averaged or otherwise pro-
cessed to provide an indication for the type of the 1:1 tach-
yarrhythmia.

The discrimination of the 1:1 tachyarrhythmia is com-
pleted at 380, with a classification of the 1:1 tachyarrhythmia
being indicated. In one embodiment, the classification pro-
vides for a basis for making a therapeutic decision. For
example, if a 1:1 tachyarrhythmia is classified as a VT, a
ventricular defibrillation pulse is delivered.

FIG. 4 is a block diagram illustrating an embodiment of
rate-dependent morphology-based 1:1 tachyarrhythmia dis-
crimination module 225. Rate-dependent morphology-based
1:1 tachyarrhythmia discrimination module 225 includes a
feature extractor 430, a correlation analyzer 431, a 1:1 tach-
yarrhythmia classifier 432, and a beat counter 433. Feature
extractor 430 extracts features a waveform associated with a
heart beat. Correlation analyzer 431 computes a correlation
coefficient between arrhythmic morphological features of an
arrhythmic beat of'a 1:1 tachyarrhythmia and template mor-
phological features of a beat of a known cardiac rhythm. In
one embodiment, correlation analyzer 431 computes the fea-
ture correlation coefficient (Fec) for each arrhythmic beat of
aplurality of arrhythmic beats sensed during a detected tach-
yarrhythmia. Beat counter 433 counts the number of arrhyth-
mic heart beats for which the arrhythmic features are
extracted and analyzed. Based on the correlation coefficients
calculated for a predetermined number of arrhythmic heart
beats, 1:1 tachyarrhythmia classifier 432 classifies the 1:1
tachyarrhythmia.

Rate-dependent morphology-based arrhythmia classifica-
tion module 225 classifies a detected arrhythmia episode by
producing one or more correlation coefficients indicative of a
correlation between a template waveform and an arrhythmic
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waveform using the template waveform and the arrhythmic
waveform as well as an arrhythmic heart rate parameter asso-
ciated with the arrhythmic waveform. The template wave-
form represents a template heart beat of a known cardiac
rhythm, such as an NSR. The arrhythmic waveform repre-
sents an arrhythmic heart beat of the detected arrhythmia
episode. In one embodiment, rate-dependent morphology-
based 1:1 tachyarrhythmia discrimination module 225 per-
forms the method illustrated in FIG. 3. Feature extractor 430
performs step 330, correlation analyzer 431 performs step
340, and 1:1 tachyarrhythmia classifier 432 performs step
360. In a specific embodiment, feature extractor 430 is a
rate-dependent feature extractor that performs the dynamic,
rate-dependent morphological feature extraction, and corre-
lation analyzer 431 performs the correlation analysis using
the extracted morphological features without applying the
weighting factors. In another specific embodiment, feature
extractor 430 performs the static, rate-independent morpho-
logical feature extraction, and correlation analyzer 431 is a
rate-dependent correlation analyzer that performs the rate-
dependant correlation analysis by applying the weighting
factors to the extracted morphological features before calcu-
lating the one or more correlation coefficient.
Rate-Dependent Feature Extraction

FIGS. 5A-D illustrate various embodiments of rate-depen-
dent feature extraction for discrimination of the 1:1 tach-
yarrhythmia. These various embodiments of rate-dependent
feature extraction each represent a specific embodiment of
step 330 of method 300 illustrated in FIG. 3. FIGS. 5A-D
each illustrate a template wave form 500 with template mor-
phological features (each labeled as Fn or Fn'). The template
feature locations (locations for the template morphological
features on the template waveform) are used to locate corre-
sponding arrhythmic feature locations (locations for the tem-
plate morphological features on the arrhythmic waveform) by
temporal alignment. The arrhythmic waveform is temporally
aligned with template waveform 500. The template morpho-
logical features and the corresponding arrhythmic morpho-
logical features are temporally aligned in pairs.

FIG. 5A illustrates a set of template morphological features
(eachlabeled as Fn) located for a relatively low template heart
rate, while FIGS. 5B-D each illustrate a set of template mor-
phological features (each labeled as Fn') located for a rela-
tively high arrhythmic heart rate. Template waveform 500 is
divided into multiple segments (or regions) including a pre-
QRS segment, a QRS segment, and a post-QRS segment. The
QRS segment correspond to the QRS complex included in
template waveform 500. Template morphological features
F2/F2' and F4/F4' serve as anchor points that divide template
waveform 500, where F2/F2' is associated with the beginning
of'the QRS complex and F4/F4' is associated with the end of
the QRS complex.

In one embodiment, as illustrated in FIG. 5B, locations of
the template morphological features in the QRS segment do
not change, while locations of the template morphological
features in the pre-QRS and post-QRS segments move toward
the QRS segment. The location of a template morphological
feature in the pre-QRS segment is given by:

where d' is the distance (time interval) between a template
morphological feature in the pre-QRS segment and the
anchor point at the beginning of the QRS segment at the
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arrhythmic heart rate, . is a predetermined constant associ-
ated with the template morphological feature, and HR , is the
arrhythmic heart rate. In one embodiment,

a=d-HR,

where d is the distance corresponding to d' but at the template
heart rate, and HR ;- is the template heart rate. The location of
atemplate morphological feature in the post-QRS segment is
given by:

g B
HR4

where d' is the distance (time interval) between a template
morphological feature in the post-QRS segment and the
anchor point at the end of the QRS segment at the arrhythmic
heart rate, §§ is a predetermined constant, and HR ; is the
arrhythmic heart rate. In one embodiment,

P=d-HRy,

where d is the distance corresponding to d' but at the template
heart rate, and HR is the template heart rate. In general,
locations of a template morphological feature in the pre-QRS
and post-QRS segments are each given by:

HRt

d =d s
HR4

where d' is the distance (time interval) between a template
morphological feature in the pre-QRS segment and the
anchor point at the beginning of'the QRS segment or between
a template morphological feature in the post-QRS segment
and the anchor point at the end of the QRS segment at the
arrhythmic heart rate, d is the corresponding distance at the
template heart rate, HR ;. is the template heart rate, and HR , is
the arrhythmic heart rate. For example,

i, = dlzT,

HRy
HR4
where d', is the distance between template morphological
features F1' and F2' (as seen in FIG. 5B), and d,, is the

distance between template morphological features F1 and F2
(as seen in FIG. 5A); and

HRr

dby = dsyg——,
4 =ds e

where d's, is the distance between template morphological
features F5' and F4' (as seen in FIG. 5B), and d,, is the
distance between template morphological features F5 and F4
(as seen in FIG. 5A). Locations of F2/F2' and F4/F4' do not
change with the heart rate. Therefore, at the arrhythmic heart
rate, location of F1' is given by d';,, and location of F5' is
given by d's,.

In another embodiment, as illustrated in FIG. 5C, locations
of the template morphological features in the pre-QRS and
post-QRS segments do not change, while more template mor-
phological features are extracted in the QRS segment. In one
embodiment, F3/F3', which is associated with the peak of the
R wave, is used as another anchor point. Locations of the
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anchor points, including those corresponding to the begin-
ning (F2/F2"), the peak (F3/F3"), and the end (F4/F4') of the
QRS segment, do not change with the heart rate. That is, the
locations of these anchor points are used as locations of the
template morphological features at any heart rate. On the
other hand, quantity and locations of other template morpho-
logical features in the QRS segment are dependent on the
arrhythmic heart rate. In one embodiment, the template mor-
phological features in the QRS segment are substantially
evenly distributed in the QRS region. In another embodiment,
the template morphological features between the beginning
and the peak of the QRS segment are substantially evenly
distributed between the beginning and the peak of the QRS
segment, and the template morphological features between
the peak and the end of the QRS segment are substantially
evenly distributed between the peak and the end of the QRS
segment. For example, as illustrated in FIG. 5A, at the tem-
plate heart rate, five template morphological features (F2, F7,
F3,F8, and F4) are located in the QRS segment. As illustrated
in FIG. 5C, at the arrhythmic heart rate, seven template mor-
phological features (F2', F7B', F7A', F3', F8A', F8B', and F4")
are located in the QRS segment. Locations for F2/F2', F3/F3',
and F4/F4' are kept unchanged at different heart rates. The
number of template morphological features between F2/F2'
and F3/F3' and the number of template morphological fea-
tures between F3/F3' and F4/F4' are doubled.

In another embodiment, as illustrated in FIG. 5D, more
template morphological features are extracted in the QRS
segment, and locations of the template morphological fea-
tures in the pre-QRS and post-QRS segments move toward
the QRS segment. In other words, the method for locating
template morphological features illustrated in FIG. 5D is a
combination of the methods illustrated in FIGS. 5B and 5C.

FIG. 6 is a block diagram illustrating an embodiment of a
rate-dependent feature extractor 630, which is a specific
embodiment of feature extractor 430. Rate-dependent feature
extractor 630 includes a template waveform input 635, an
arrhythmic waveform input 636, an arrhythmic heart rate
input 637, a rate-dependent feature locator 642, a feature
extracting module 644, and a feature output 639. Template
waveform input 635 receives template data representative of
atemplate waveform associated with a template heart beat of
a known cardiac rthythm, such as an NSR. Arrhythmic wave-
form input 636 receives arrhythmic data representative of an
arrhythmic waveform associated with an arrhythmic heart
beat of an arrhythmia episode. Arrhythmic heart rate input
637 receives an arrhythmic heart rate parameter representa-
tive of an arrhythmic heart rate associated with the arrhythmic
waveform. Rate-dependent feature locator 642 determines
morphological feature locations using at least the arrhythmic
heart rate parameter. The morphological feature locations
include template feature locations of a plurality of template
morphological features on the template waveform and
arrhythmic feature locations of a plurality of corresponding
arrhythmic morphological features on the arrhythmic wave-
form. Feature extracting module 644 extracts the plurality of
template morphological features from the template waveform
and the plurality of corresponding arrhythmic morphological
features from an arrhythmic waveform based on the morpho-
logical feature locations determined by rate-dependent fea-
ture locator 642. Feature output 639 outputs data representa-
tive of the plurality of template morphological features and
the plurality of corresponding arrhythmic morphological fea-
tures.

FIG. 7 is a block diagram illustrating an embodiment of a
rate-dependent feature extractor 730, which is a specific
embodiment of rate-dependent feature extractor 630. Rate-
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dependent feature extractor 730 includes a template genera-
tion and storage system (including template generator 745,
template storage device 746, anchor point locator 747, and
waveform divider 748), an arrhythmic heart rate estimator
743, a rate-dependent feature locator 742, and feature extrac-
tion module 644. In addition, as illustrated, rate-dependent
feature extractor 730 includes template waveform input 635,
arrhythmic waveform input 636, arrhythmic heart rate input
637, feature output 639, and a template heart rate input 738
that receives a template heart rate parameter representative of
a template heart rate associated with the template waveform.

Template generator 745 produces data representative of the
template waveform. In one embodiment, template generator
745 includes an analog-to-digital converter to digitize the
template waveform at a sampling frequency in a range
between approximately 200 and 1,000 Hz, with approxi-
mately 400 Hz being a specific example. The data represen-
tative of the template waveform include approximately 64 to
320 samples of the template waveform; with approximately
128 samples being a specific example. In one embodiment,
template generator 745 includes a template heart rate param-
eter generator to produce the template heart rate parameter by
measuring the heart rate associated with the template wave-
form. Anchor point locator 747 locates a plurality of anchor
points on the template waveform. Waveform divider 748
divides the template waveform using one or more anchor
points of the plurality of anchor points located by anchor
point locator. Anchor point locator 747 includes, but is not
limited to, one or more of a peak detector (such as an R-wave
peak detector), a fiducial point detector, and a turning point
detector. In one embodiment, anchor point locator 747
includes a turning point locator that locates a first turning
point associated with the beginning of a QRS complex and a
second turning point associated with the end of the QRS
complex. Waveform divider 748 divides the template wave-
form into a pre-QRS segment, a QRS segment, and a post-
QRS segment using the first and second turning points. Tem-
plate waveform storage device 746 stores the data
representative of the template waveform. In one embodiment,
the data include the digitized template waveform as well as
information related to the anchor points, waveform segments,
and the template heart rate.

Arrhythmic heart rate estimator 743 produces the arrhyth-
mic heart rate parameter by estimating an instantaneous heart
rate associated with the arrhythmic heart beat. In one embodi-
ment, the heart rate parameter is a heart rate range that
includes the estimated instantaneous heart rate. Arrhythmic
heart rate estimator 743 produces the arrhythmic heart rate
parameter by estimating the instantaneous heart rate and
mapping that instantaneous heart rate to one heart rate range
of a plurality of predetermined heart rate ranges. This sub-
stantially reduces the amount of computation performed by
rate-dependent feature extractor 730 and substantially
reduces the resolution required for the digitized template
waveform. In one embodiment, the heart rate ranges each
have a width of approximately 10 bpm to 50 bpm. Ina specific
embodiment, the heart rate ranges each have a width of
approximately 20 bpm.

Rate-dependent feature locator 742 is a specific embodi-
ment of rate-dependent feature locator 642 and includes a
template feature locator 750, an arrhythmic feature locator
751, a fiducial point locator 752, and a feature timing module
753. Template feature locator 750 determines the template
feature locations of the plurality of template morphological
features using at least the arrhythmic heart rate parameter and
one or more selected anchor points of the plurality of anchor
points. In one embodiment, template feature locator 750
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locate the plurality of template morphological features by
performing one of the methods of rate-dependent feature
extraction illustrated in FIGS. 5A-D. Fiducial point locator
752 locates a template fiducial point on the template wave-
form and a corresponding arrhythmic fiducial point on the
arrhythmic waveform. The template fiducial point and the
corresponding arrhythmic fiducial point are of the same type
characteristic point that is present in both waveforms. In a
specific embodiment, the template fiducial point is the
R-wave peak on the template waveform, and the correspond-
ing arrhythmic fiducial point is the R-wave peak on the
arrhythmic waveform. Feature timing module 753 measures
feature time intervals each between one template morpho-
logical feature of the plurality of template morphological
features and the template fiducial point. Arrhythmic feature
locator 751 determines the arrhythmic feature locations of the
plurality of corresponding arrhythmic morphological fea-
tures on the arrhythmic waveform using the arrhythmic fidu-
cial point and the measured feature time intervals. The mea-
sured time intervals are each used as a time interval between
one arrhythmic morphological feature of the plurality of cor-
responding arrhythmic morphological features and the
arrhythmic fiducial point.

Feature extraction module 644 extracts the plurality of
template morphological features and the plurality of corre-
sponding arrhythmic morphological features using the fea-
ture locations determined by rate-dependent feature locator
742. In one embodiment, each morphological feature is rep-
resented by its amplitude. Feature extraction module 644
extracts the plurality of template morphological features by
measuring the amplitudes at the template feature locations
and extracts the plurality of corresponding arrhythmic mor-
phological features by measuring the amplitudes at the
arrhythmic feature locations.

FIG. 8 is a flow chart illustrating an embodiment of a
method 800 for rate-dependent feature extraction for dis-
crimination of 1:1 tachyarrhythmia. In one embodiment,
method 800 is performed by tachycardia detection and clas-
sification system 120.

An arrhythmia episode is detected at 810. In one embodi-
ment, method 800 proceeds after 810 if a tachyarrhythmia
episode is detected and classified as a 1:1 tachyarrhythmia.

An arrhythmic heart rate parameter is produced at 820. The
heart rate parameter represents an arrhythmic heart rate asso-
ciated with the arrhythmic episode. In one embodiment, the
arrhythmic heart rate parameter is produced by estimating an
instantaneous heart rate associated with an arrhythmic wave-
form. The arrthythmic waveform is associated with an
arrhythmic heart beat of the arrhythmic episode. In one
embodiment, the arrhythmic heart rate parameter represents a
heart rate range and is produced by mapping the estimated
instantaneous heart rate to a heart rate range of a plurality of
predetermined heart rate ranges.

Template feature locations of a plurality of template mor-
phological features on a template waveform are determined
using at least the heart rate parameter at 830. The template
waveform is a waveform that has been produced from a
cardiac signal recorded during a known cardiac rhythm, such
as an NSR. A segment of the cardiac signal representing a
template heart beat is digitized to be the template waveform at
a sampling frequency in a range between approximately 200
and 1,000 Hz, with approximately 400 Hz being a specific
example. The template waveform is divided into a plurality of
template waveform segments. In one embodiment, a plurality
of anchor points is located on the template waveform. The
template waveform is divided into a plurality of segments
using one or more anchor points of the plurality of anchor
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points. Examples of such anchor points include peak points,
fiducial points, and turning points. In a specific embodiment,
a first turning point associated with the beginning of a QRS
complex and a second turning point associated with the end of
the QRS complex are located. The template waveform is
divided into a pre-QRS segment, a QRS segment, and a post-
QRS segment using the first and second turning points. Data
representative of the template waveform are stored. The data
include the digitized template waveform as well as informa-
tion on the anchor points and the waveform segments. In one
embodiment, a template heart rate parameter representative
of a template heart rate associated with the template wave-
form is produced and also stored. The template feature loca-
tions of the plurality of template morphological features are
determined using at least the arrhythmic heart rate parameter
and one or more selected anchor points of the plurality of
anchor points. In one embodiment, the template feature loca-
tions are determined using one of the rate-dependent feature
extraction methods illustrated in FIGS. SA-D.

Arrhythmic feature locations of a plurality of correspond-
ing arrhythmic morphological features on the arrhythmic
waveform are determined at 840. In one embodiment, a tem-
plate fiducial point is located on the template waveform, and
a corresponding arrhythmic fiducial point is located on the
arrhythmic waveform. Feature time intervals each between
one template morphological feature of the plurality of tem-
plate morphological features and the template fiducial point
are measured. The arrhythmic feature locations of the plural-
ity of corresponding arrhythmic morphological features on
the arrhythmic waveform are determined using the measured
time intervals and the arrhythmic fiducial point. The mea-
sured time intervals are each used as a time interval between
one arrhythmic morphological feature of the plurality of cor-
responding arrthythmic morphological features and the
arrhythmic fiducial point.

The plurality of template morphological features is
extracted from the template waveform at the template feature
locations at 850. The plurality of corresponding arrhythmic
morphological features is extracted from an arrhythmic
waveform at the arrhythmic morphological locations at 860.
The plurality of template morphological features and the
plurality of corresponding arrhythmic morphological fea-
tures are used for the correlation analysis based on which the
detected arrhythmia episode is classified.

Rate-Dependent Correlation Analysis

FIG. 9 is an illustration of an embodiment of rate-depen-
dent correlation analysis for discrimination of 1:1 tach-
yarrhythmia. This embodiment of rate-dependent correlation
analysis represents a specific embodiment of step 340 of
method 300 illustrated in FIG. 3. FIG. 9 presents curves 900
and 910 each represent a set of weighting factors associated
with a plurality of template morphological features and a
plurality of corresponding arrhythmic morphological fea-
tures. Curve 900 represents weighting factors for a relatively
low heart rate, such as the template heart rate discussed above
with reference to FIGS. 5A-D. Curve 910 represents weight-
ing factors for a relatively high heart rate, such as the arrhyth-
mic heart rate discussed above with reference to FIGS. SA-D.
The template and arrhythmic morphological features are each
multiplied by a corresponding weighting factor before the
correlation analysis is performed. The template waveform is
divided into the pre-QRS, QRS, and post-QRS segments, as
discussed above with reference to FIGS. SA-D. As illustrated
in FIG. 9, template and arrhythmic morphological features in
the QRS segment are given more relative weights than the
template and arrhythmic morphological features in the pre-
QRS and post-QRS segments. As the heart rate increases,
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template and arrhythmic morphological features in the QRS
segment are given even more relative weights than the tem-
plate and arrhythmic morphological features in the pre-QRS
and post-QRS segments. Within the pre-QRS segment, tem-
plate and arrhythmic morphological features closer to the
beginning of the QRS segment are given more relative
weights. Within the post-QRS segment, template and arrhyth-
mic morphological features closer to the end of the QRS
segment are given more relative weights.

FIG. 10 is a block diagram illustrating an embodiment of a
rate-dependent correlation analyzer 1031, which is a specific
embodiment of correlation analyzer 431. Rate-dependent
correlation analyzer 1031 includes a template feature input
1060, an arrhythmic feature input 1061, an arrhythmic heart
rate input 1062, a rate-dependent weighting module 1066, a
correlation coefficient calculator 1068, and a correlation
coefficient output 1064. Template feature input 1060 receives
a plurality of template morphological features of a template
waveform. The template waveform is associated with a tem-
plate heart beat of a known cardiac rhythm, such as an NSR.
Arrhythmic feature input 1061 receives a plurality of arrhyth-
mic morphological features of an arrhythmic waveform. The
arrhythmic waveform is associated with an arrhythmic heart
beat of an arrhythmia episode. The arrhythmic morphological
features each correspond to one of the template morphologi-
cal features. Arrhythmic heart rate input 1062 receives an
arrhythmic heart rate parameter representative of an arrhyth-
mic heart rate associated with the arrhythmic waveform.
Rate-dependent weighting module 1066 produces weighted
template and arrhythmic morphological features by using at
least the arrhythmic heart rate parameter. Correlation coeffi-
cient calculator 1068 calculates one or more correlation coef-
ficients representative of a correlation between the weighted
arrhythmic morphological features and the weighted tem-
plate morphological features. Correlation coefficient output
1064 outputs the one or more correlation coefficients.

FIG. 11 is a block diagram illustrating an embodiment of a
rate-dependent correlation analyzer 1131, which is a specific
embodiment of rate-dependent correlation analyzer 1031.
Rate-dependent correlation analyzer 1131 includes an
arrhythmic heart rate estimator 1170, a rate-dependent
weighting module 1166, and correlation coefficient calcula-
tor 1068. In addition, as illustrated, rate-dependent correla-
tion analyzer 1131 includes template waveform input 1060,
arrhythmic waveform input 1061, arrhythmic heart rate input
1062, correlation coefficient output 1064, and a template
heart rate input 1163 that receives a template heart rate param-
eter representative of a template heart rate associated with the
template waveform.

Arrhythmic heart rate estimator 1170 produces the arrhyth-
mic heart rate parameter by estimating an instantaneous heart
rate associated with the arrhythmic heart beat. In one embodi-
ment, the heart rate parameter is a heart rate range that
includes the estimated instantaneous heart rate. Arrhythmic
heart rate estimator 1170 produce the arrhythmic heart rate
parameter by estimating the instantaneous heart rate and
mapping that instantaneous heart rate to one heart rate range
of a plurality of predetermined heart rate ranges. This allows
the weight factors to be determined by a mapping process
using a reasonable number of stored weight factor value sets
each corresponding to one heart rate range of the plurality of
predetermined heart rate ranges. In one embodiment, the
heart rate ranges each have a width of approximately 10 bpm
to 50 bpm. In a specific embodiment, the heart rate ranges
each have a width of approximately 20 bpm.

Rate-dependent weighting module 1166 is a specific
embodiment of rate-dependent weighting module 1066 and
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includes a weighting factor generator 1172. Weight factor
generator 1172 produces the weighting factors based on at
least the arrhythmic heart rate. In one embodiment, weight
factor generator 1172 produces the weighting factors based
onthe arrhythmic heart rate and the template heart rate. In one
embodiment, weight factor generator 1172 produces the
weighting factors using the method discussed above with
reference to FIG. 9. Rate-dependent weighting module 1166
applies the weighting factors to the plurality of template
morphological features and the plurality of corresponding
arrhythmic morphological features to produce the weighted
arrhythmic morphological features and the weighted tem-
plate morphological features for use by correlation coeffi-
cient calculator 1068.

In one embodiment, correlation coefficient calculator 1068
calculates one or more feature correlation coefficients. One
example for calculating a feature correlation coefficient is
discussed in U.S. Pat. No. 6,708,058.

FIG. 12 is a flow chart illustrating an embodiment of a
method 1200 for rate-dependent correlation analysis for dis-
crimination of 1:1 tachyarrhythmia. In one embodiment,
method 1200 is performed by tachycardia detection and clas-
sification system 120.

A plurality of template morphological features is received
at 1210. The plurality of template morphological features is
extracted from a template waveform. The template waveform
is associated with a template heart beat of a known cardiac
rhythm, such as an NSR.

A plurality of arrhythmic morphological features is
received at 1220. The plurality of arrhythmic morphological
features is extracted from an arrhythmic waveform. The
arrhythmic waveform is associated with an arrhythmic heart
beat of an arrhythmia episode. The arrhythmic morphological
features each temporally correspond to one of the template
morphological features.

An arrhythmic heart rate parameter is received at 1230. The
arrhythmic heart rate parameter represents an arrhythmic
heart rate associated with the arrhythmic waveform. In one
embodiment, the arrhythmic heart rate parameter is produced
by estimating an instantaneous heart rate associated with the
arrhythmic waveform. In one embodiment, the arrhythmic
heart rate parameter represents a heart rate range and is pro-
duced by mapping the estimated instantaneous heart rate to a
heart rate range of a plurality of predetermined heart rate
ranges.

Weighting factors are produced using at least the arrhyth-
mic heart rate parameter at 1240. In one embodiment, the
weighting factors are produced using the method discussed
above with reference to FIG. 9.

Weighted arrhythmic morphological features and
weighted template morphological features are produced
using the weighting factors at 1250. A weighting factor is
applied to each template morphological feature and its corre-
sponding arrhythmic morphological feature.

A correlation coefficient representative of a correlation
between the weighted template morphological features and
weighted arrhythmic morphological features is calculated at
1260. In one embodiment, the correlation coefficient is a
feature correlation coefficient as discussed in U.S. Pat. No.
6,708,058. The correlation coefficient is used for the classi-
fication of the arrhythmic episode.

It is to be understood that the above detailed description is
intended to be illustrative, and not restrictive. For example,
system 120, module 225, and their various embodiments as
discussed in this document are not limited to applications in
an implantable medical device, but may be incorporated into
any arrhythmia analysis system, such as a computer program
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for analyzing pre-collected cardiac data. Other embodiments
will be apparent to those of skill in the art upon reading and
understanding the above description. The scope of the inven-
tion should, therefore, be determined with reference to the
appended claims, along with the full scope of equivalents to
which such claims are entitled.

What is claimed is:

1. A system for classifying cardiac arrhythmias, the system
comprising:

atachyarrhythmia detector adapted to detect an arrhythmia
episode;

a template waveform input to receive template data repre-
sentative of a template waveform associated with a tem-
plate heart beat, the template waveform sensed during a
normal sinus rhythm;

an arrhythmic waveform input to receive arrhythmic data
representative of an arrhythmic waveform associated
with an arrhythmic heart beat sensed during the detected
arrhythmia episode;

an arrhythmic heart rate input to receive an arrhythmic
heart rate parameter representative of an arrhythmic
heart rate associated with the detected arrhythmic epi-
sode;

a rate-dependent feature locator coupled to the template
waveform input, the arrhythmic waveform input, and the
arrhythmic heart rate parameter input, the rate-depen-
dent feature locator adapted to dynamically determine
morphological feature locations each as a function of at
least the arrhythmic heart rate parameter in response to
the detected arrhythmia episode, the morphological fea-
ture locations including template feature locations each
representative of timing of a plurality of template mor-
phological features on the template waveform and
arrhythmic feature locations each representative of tim-
ing of a plurality of corresponding arrhythmic morpho-
logical features on the arrhythmic waveform; and

a feature extracting module coupled to the rate-dependent

feature locator, the feature extracting module adapted to
extract the plurality of template morphological features
from the template waveform at the dynamically deter-
mined morphological feature locations and to extract the
plurality of corresponding arrhythmic morphological
features from the arrhythmic waveform at the dynami-
cally determined morphological feature locations.
. The system of claim 1, further comprising:
correlation analyzer, coupled to the feature extracting
module, to produce at least one correlation coefficient
representative of a correlation between the plurality of
template morphological features and the plurality of
corresponding arrhythmic morphological features; and
an arrhythmia classification module, coupled to the corre-
lation analyzer, to classify the detected arrhythmia epi-
sode based on the at least one correlation coefficient.

3. The system of claim 1, further comprising an arrhythmic
heart rate estimator coupled to the arrhythmic heart rate input,
the arrhythmic heart rate estimator adapted to produce the
arrhythmic heart rate parameter by estimating an instanta-
neous heart rate associated with the arrhythmic heart beat.

4. The system of claim 3, wherein the arrhythmic heart rate
estimator is further adapted to produce the arrhythmic heart
rate parameter by mapping the estimated instantaneous heart
rate to one heart rate range of a plurality of predetermined
heart rate ranges.

5. The system of claim 1, further comprising a template
heart rate input to receive the template heart rate parameter
representative of a template heart rate associated with the
template waveform, and wherein the rate-dependent feature
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locator is further coupled to the template heart rate parameter
input and adapted to determine the morphological feature
locations using at least the arrhythmic heart rate parameter
and the template heart rate parameter.

6. The system of claim 5, further comprising:

a template waveform storage device, coupled to the tem-
plate waveform input, to store the template data includ-
ing a digitized template waveform having approxi-
mately 64 to 320 sample points; and

a template generator, coupled to the template waveform
storage device, to produce the digitized template wave-
form by sampling a cardiac signal at a sampling fre-
quency in a range of approximately 200 to 1,000 Hz.

7. The system of claim 5, further comprising:

a template waveform storage device, coupled to the tem-
plate waveform input, to store the template data;

a template generator, coupled to the template waveform
storage device, to produce the template data;

an anchor point locator coupled to the template generator,
the anchor point locator adapted to locate a plurality of
anchor points on the template waveform; and

a waveform divider coupled to the template generator, the
anchor point locator, and the template waveform storage
device, the waveform divider adapted to divide the tem-
plate waveform into a plurality of template waveform
segments using one or more anchor points of the plural-
ity of anchor points.

8. The system of claim 7, wherein the rate-dependent fea-
ture locator comprises a template feature locator adapted to
determine the template feature locations using the arrhythmic
heart rate parameter, the template heart rate parameter, and
one or more selected anchor points of the plurality of anchor
points.

9. The system of claim 8, wherein the rate-dependent fea-
ture locator comprises:

afiducial point locator adapted to locate a template fiducial
point on the template waveform and a corresponding
arrhythmic fiducial point on the arrhythmic waveform;

a feature timing module to measure feature time intervals
each between one template morphological feature of the
plurality of template morphological features and the
template fiducial point; and

an arrhythmic feature locator adapted to determine the
arrhythmic feature locations on the arrhythmic wave-
form using the measured time intervals each as a time
interval between one arrhythmic morphological feature
of the plurality of corresponding arrhythmic morpho-
logical features and the arrhythmic fiducial point.

10. The system of claim 7, wherein the anchor point locator
comprises a turning point locator to locate a first turning point
associated with a start of a QRS complex and a second turning
point associated with an end of the QRS complex, and the
waveform divider is adapted to divide the template waveform
into a pre-QRS segment, a QRS segment, and a post-QRS
segment using the first and second turning points.

11. The system of claim 10, wherein the rate-dependent
feature locator comprises a template feature locator adapted
to select the first and second turning points as two of the
template feature locations.

12. The system of claim 11, wherein the template feature
locator is adapted to select one or more pre-QRS template
feature locations each having a first timing relationship with
the first turning point from the pre-QRS segment and one or
more post-QRS template feature locations each having a sec-
ond timing relationship with the second turning point from
the post-QRS segment, the first timing relationship being a
first function of the arrhythmic heart rate parameter, the sec-
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ond timing relationship being a second function of the
arrhythmic heart rate parameter.

13. The system of claim 11, wherein the template feature
locator is adapted to select a plurality of QRS template feature
locations from the QRS segment, the selected QRS template
feature locations being a function of the arrhythmic heart rate
parameter.

14. A method for classifying cardiac arrhythmias using an
implantable medical device, the method comprising:

detecting an arrhythmia episode;

producing a heart rate parameter representative of an

arrhythmic heart rate associated with the detected
arrhythmic episode;
dynamically determining morphological feature locations
each as a function of at least the heart rate parameter in
response to the detected arrhythmia episode, the mor-
phological feature locations including template feature
locations each representative of timing of a plurality of
template morphological features on a template wave-
form associated with a template heart beat and arrhyth-
mic feature locations each representative of timing of a
plurality of corresponding arrhythmic morphological
features on an arrhythmic waveform associated with an
arrhythmic heart beat, the template waveform sensed by
the implantable medical device during a normal sinus
rhythm and stored in the implantable medical device, the
arrhythmic waveform sensed by the implantable medi-
cal device during the detected arrhythmia episode;

extracting the plurality of template morphological features
from the template waveform at the dynamically deter-
mined morphological feature locations; and

extracting the plurality of corresponding arrhythmic mor-

phological features from the arrhythmic waveform at the
dynamically determined morphological feature loca-
tions.

15. The method of claim 14, wherein producing the heart
rate parameter comprises:

estimating an instantaneous heart rate associated with the

arrhythmic waveform; and

mapping the estimated instantaneous heart rate to a heart

rate range of a plurality of predetermined heart rate
ranges.

16. The method of claim 14, further comprising:

producing template data representative of the template

waveform; and
storing the template data,
wherein producing the template data comprises locating a
plurality of anchor points on the template waveform and
dividing the template waveform into a plurality of tem-
plate waveform segments using one or more anchor
points of the plurality of anchor points.
17. The method of claim 16, wherein determining the mor-
phological feature locations comprises:
selecting one or more locations of the anchor points as one
or more locations of the template feature locations; and

selecting a plurality of additional locations of the template
feature locations based on timing relationships each
between one of the additional locations and one of the
one or more locations of the anchor points, the timing
relationships each being a function of the arrhythmic
heart rate parameter.

18. The method of claim 17, wherein determining the mor-
phological feature locations comprises:

locating a template fiducial point on the template wave-

form and a corresponding arrhythmic fiducial point on
the arrhythmic waveform;
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measuring feature time intervals each between one tem-
plate morphological feature of the plurality of template
morphological features and the template fiducial point;
and

determining the arrthythmic feature locations of the plural-
ity of corresponding arrhythmic morphological features
on the arrhythmic waveform using the arrhythmic fidu-
cial point and the measured feature time intervals.

19. The method of claim 16, wherein locating the plurality
of'anchor points comprises locating a first turning point asso-
ciated with a start of a QRS complex and a second turning
point associated with an end of the QRS complex, and divid-
ing the template waveform into a plurality of template wave-
form segments comprises dividing the template waveform
into a pre-QRS segment, a QRS segment, and a post-QRS
segment using the first and second turning points.

20. The method of claim 19, wherein determining the mor-
phological feature locations comprises:

selecting the first and second turning points as two of the
template feature locations;

selecting one or more pre-QRS template feature locations
each having a first timing relationship with the first
turning point from the pre-QRS segment, the first timing
relationship being a first function of the arrhythmic heart
rate parameter; and

selecting one or more post-QRS template feature locations
each having a second timing relationship with the sec-
ond turning point from the post-QRS segment, the sec-
ond timing relationship being a second function of the
arrhythmic heart rate parameter.

21. The method of claim 19, wherein determining the mor-

phological feature locations comprises:

selecting the first and second turning points as two of the
template feature locations; and

selecting a plurality of QRS template feature locations
from the QRS segment, the selected QRS template fea-
ture locations being a function of the arrhythmic heart
rate parameter.

22. The method of claim 21, wherein selecting the plurality
of QRS template feature locations comprises determining a
quantity of the QRS template feature locations based on the
arrhythmic heart rate parameter.

23. A system for classifying cardiac arrhythmias, the sys-
tem comprising:

atachyarrhythmia detector adapted to detect an arrhythmia
episode;

a template feature input to receive a plurality of template
morphological features of a template waveform associ-
ated with a template heart beat of a known cardiac
rhythm;

an arrhythmic feature input to receive a plurality of
arrhythmic morphological features of an arrhythmic
waveform associated with an arrhythmic heart beat of
the detected arrhythmia episode, the arrhythmic mor-
phological features each corresponding to one of the
template morphological features;

an arrhythmic heart rate input to receive an arrhythmic
heart rate parameter representative of an arrhythmic
heart rate associated with the arrhythmic waveform;

a rate-dependent weighting module coupled to the tem-
plate feature input, the arrhythmic feature input, and the
arrhythmic heart rate input and including a weighting
factor generator adapted to produce weighting factors
each as a function of at least the arrhythmic heart rate
parameter, the rate-dependent weighting module
adapted to produce weighted template morphological
features and weighted arrhythmic morphological fea-
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tures by applying one of the weighting factors to each
template morphological feature of the plurality of tem-
plate morphological features and each arrhythmic mor-
phological feature of the plurality of arrhythmic mor-
phological features in response to the detected
arrhythmia episode; and

a correlation coefficient calculator, coupled to the rate-

dependent weighting module, to calculate at least one
correlation coefficient representative of a correlation
between the weighted arrhythmic morphological fea-
tures and the weighted template morphological features.

24. The system of claim 23, further comprising an arrhyth-
mia classification module, coupled to the correlation coeffi-
cient calculator, to classify the detected arrhythmia episode
based on the at least one correlation coefficient.

25. The system of claim 23, further comprising a template
heart rate input, coupled to the rate-dependent weighting
module, to receive a template heart rate parameter represen-
tative of a template heart rate associated with the template
waveform, and wherein the weighting factor generator is
adapted to produce weighting factors each as a function of at
least the arrhythmic heart rate parameter and the template
heart rate parameter.

26. The system of claim 23, further comprising an arrhyth-
mic heart rate estimator coupled to the arrhythmic heart rate
input, the arrhythmic heart rate estimator adapted to produce
the arrhythmic heart rate parameter by estimating an instan-
taneous heart rate associated with the arrhythmic heart beat.

27. The system of claim 26, wherein the arrhythmic heart
rate estimator is further adapted to produce the arrhythmic
heart rate parameter by mapping the estimated instantaneous
heart rate to one heart rate range of a plurality of predeter-
mined heart rate ranges.

28. The system of claim 27, wherein the weighting factor
generator is adapted to map the arrhythmic heart rate param-
eter to one set of weight factors of a plurality of sets of
predetermined weighting factors.

29. A method for classifying cardiac arrhythmias using an
implantable medical device, the method comprising:

detecting an arrhythmia episode;

receiving a plurality of template morphological features of

a template waveform associated with a template heart
beat of a known cardiac rhythm, the template waveform
sensed by the implantable medical device during the
known cardiac rhythm and stored in the implantable
medical device;

receiving a plurality of arrhythmic morphological features

of an arrhythmic waveform associated with an arrhyth-
mic heart beat of the detected arrhythmia episode, the
arrhythmic morphological features each corresponding
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to one of the template morphological features, the
arrhythmic waveform sensed by the implantable medi-
cal device during the detected arrhythmia episode;

receiving an arrthythmic heart rate parameter representative
of an arrhythmic heart rate associated with the arrhyth-
mic waveform;
producing a plurality of weighting factors each as a func-
tion of at least the arrhythmic heart rate parameter;

producing weighted template morphological features and
weighted arrhythmic morphological features by apply-
ing a weighting factor of the plurality of weighting fac-
tors to each of the template morphological features and
each of the arrhythmic morphological features in
response to the detected arrhythmia episode;

analyzing a correlation between the weighted template

morphological features and the weighted arrhythmic
morphological features; and

classifying the detected arrhythmia episode based on the

correlation.

30. The method of claim 29, further comprising receiving
a template heart rate parameter representative of a template
heart rate associated with the template waveform, and
wherein producing the plurality of weighting factors com-
prises producing the plurality of weighting factors using at
least the arrhythmic heart rate parameter and the template
heart rate parameter.

31. The method of claim 30, further comprising producing
the arrhythmic heart rate parameter by estimating an instan-
taneous heart rate associated with the arrhythmic heart beat.

32. The method of claim 31, wherein producing the plural-
ity of weighting factors comprises:

mapping the estimated instantaneous heart rate to one heart

rate range of a plurality of predetermined heart rate
ranges; and

mapping the heart rate range to one set of weight factors of

a plurality of sets of predetermined weighting factors.

33. The method of claim 29, wherein producing the plural-
ity of weighting factors comprises producing weighting fac-
tors to allow a relative weight of each of template QRS mor-
phological features to increase with the arrhythmic heart rate,
the template QRS morphological features each being one of
the plurality of template morphology features extracted from
a QRS complex of the template waveform.

34. The method of claim 33, wherein producing the plural-
ity of weighting factors comprises producing weighting fac-
tors giving the template QRS morphological features rela-
tively high weights and giving remaining template
morphological features of the plurality of template morpho-
logical features relatively low weights.
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